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Analysis of Mode  Behavior in a Waveguide with 
Graded  Index  and  Gain 
Abstract-Numerical analysis has been carried out for a waveguide 
with  graded index  and gain. I t  is shown  that  the radiation peak  of the 
fundamental mode is deflected as the gradient of either the index or 
gain increases. The high-order modes also change their peak intensity 
ratio as the gradient of index or gain increases. The behavior of the 
fundamental  mode is suitable for use in a  beam  scanner  while that  of 
higher-order modes is suitable  for use in a deflection switching of laser 
beams. The analysis also shows that the modal gain of higher-order 
modes becomes larger than that  of  the  fundamental  mode  as  the  gradient 
of the  index  and gain increases, which provides some  explanation  for 
the wide  laser beam scanning  observed by Scifres et al. 
I. INTRODUCTION 
C ONTROLLED  deflection  and switching of laser beams are important for many applications. Beam deflection and 
switching are currently performed by optical-mechanical and 
bulk electrooptic or acoustooptic systems. It is desirable for 
higher  reliability and  miniaturization of the  system to deflect 
or switch  light  without using such  macroscopic  optical systems. 
Scifres et al. showed that a beam from a gain-guided semicon- 
ductor laser was deflected by controlling  the  injection  current 
into twin stripes [ I ]  , [2]. Shore and Hartnett, and Katz ex- 
plained that the beam deflection was caused by the tilting of 
the phase plane of fundamental mode [ 3 ] ,  [4]. In addition, 
Chen and Wang reported that the far-field patterns of laser 
diodes vary when the current distribution is changed for the 
laser diode of built-in step  index  type [5] . They  explained  that 
the variation of far-field pattern is due  to  the coupling of higher- 
order  modes  into  the  fundamental  mode  through  mode locking. 
In  the  present  paper, we analyze  higher-order mode behavior 
in the waveguide with asymmetric distribution of refractive 
index and gain,  which gives new possibilities of deflection 
switching of laser beams. In Section 11, we describe a flame- 
work for the analysis of a two-dimensional active waveguide. 
The  formulation is similar to  the  one detailed by Streifer et al. 
[ 6 ] .  In Section 111, we solve the wave equation in the wave- 
guides where  both refractive index  and gain vary linearly 
with position. The solutions of the equations give some in- 
sight into  the behavior of the near-field and far-field patterns 
of asymmetrically pumped lasers. In  particular, an explanation 
based on  mode change is presented for the mechanism of ex- 
perimentally observed  beam deflection.  In  Section IV, we dis- 
cuss the application of asymmetrically pumped lasers to the 
spatial modulation devices. 
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11. FRAMEWORK OF ANALYSIS 
In Fig. 1,  we show  the cross section  of  a waveguide used to 
model  the active  layer of a semiconductor laser. The waveguide 
is characterized by the following distribution of the complex 
dielectric constant e (x , y )  
where x and y indicate  the  position along the  direction parallel 
to  the  perpendicular  to  the  junction  plane, respectively. Here, 
d is the active  region  thickness. The  function  Ae(x) is assumed 
to  take  nonzero values for x1 < x  <x2 and  to be zero  for x < 
x1 and x2 <x. We restrict our analysis to the mode with 
transverse electric field because such modes usually dominate 
in semiconductor lasers. 
Assuming a time dependence exp ( i o t )  and z dependence 
exp (-i/3z), we find from Maxwell’s equation that E,, the x- 
component  of  the electric field, satisfies the  equation 
(3) 
where /3 is a  propagation  constant, KO = 27r/h0, and ho is the 
free space  wavelength.  Following a  conventional  procedure 
[ 6 ] ,  [ 7 ] ,  we seek a solution of product  form  to  separate 
variables. 
This  approximation is based on  the  assumption  that  the varia- 
tion of Ae(x) is small compared to the difference e, - e, so 
that g(y) is approximately  independent of x. Then,f(x) satis- 
fies the following equation: 
_ _ _  d2f [ p 2  - (0; t KirAe)]  f= 0 (5) 
dx 
where r is a filling factor  [6] . 
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Fig. 1. Cross section of the waveguide geometry. 
where 
~ ' ( y )  = E ,  for lyI < d / 2  (8) 
~ ' ( y )  = E ,  for lyl > d / 2 .  (9) 
Note g ( y )  and 0, are first obtained from (7) for the funda- 
mental  mode in t h e y  direc'tion. Using the value of 0, together 
with r obtained  from  (6), f ( x )  and 0 can then be obtained by 
solving (5) using a  combination  of Runge-Kutta's method [8] 
and Newton-Raphson's method  [SI.  The gain of the guided- 
wave is given as two times of the imaginary part  of p. The de- 
tail  of  the  computation  procedure is described in  the  Appendix. 
The far-field pattern I(@) was calculated according to the 
relation 
q e )  = CO? e I f ( x )  exp (iKox sin e )  dx l 2  (10) 
where 0 is an angle measured from  the axis of the waveguide 
to the direction of x ,  and its sign is such that the positive 6' 
lies on  the side of positive x .  
111. NUMERICAL COMPUTATIONS 
In  the analysis, we assume the waveguide parameters as fol- 
lows; d =  0.22 p m ,  ( x , ,  x 2 )  = (-5 pm, 5 pm), E, = 13.1 - 
0.023i and E ,  = 11.4. The free space wavelength of trans- 
mitted  light ho was taken  to be 0.84 pm. These values of ea 
and E ,  correspond to Alo~,,Ga,~,,As and Alo.,,Gao.65As as 
a  material  for  an active layer  and  confinement  layer  [9] , [IO] . 
The filling factor r of  the waveguide was calculated to be 0.69. 
For  a simplified expression of asymmetry,  the spatial varia- 
tion  of € ( X )  was assumed to be linear. 
Ae(x)  = ( -a l  t a 2 i ) x  + b (1 1 )  
where a, and a2 are real constants  and b is a  complex  constant. 
The variation of Ae(x)  can be realized either by introducing 
asymmetric built-in index structures in the waveguide or by 
introducing asymmetry in the spatial distribution of injected 
carriers. In  the  latter case, Ae(x)  was assumed to  depend 
linearly on  the carrier density. 
&(x) = (-c1 + cz i )N(x )  (12) 
where c, and c2 are real constants, and N ( x )  is the local 
injected carrier density  in  the active  region which is expressed 
in  units of 101s/cm3. The function N(x) was assumed to 
be given by 
N ( x )  = 2.0 + A x  (13) 
where A is the  gradient  factor  and x is the  position  in  microm- 
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Fig. 2. Far-field patterns  (a)  and near-field patterns (b) of a waveguide 
with uniform index and graded gain with parameters (cl, c2 ,  A )  = 
(0, 0.015, 0.1). In (a) f indicates  the  peak  of  the  fundamental  mode 
radiation, 1Z and 1r indicate peaks of the first-order modes, and 22, 
2c, and 2r indicate the peaks of the second-order mode. In (b) the 
solid line, broken line, and dotted line indicate fundamental, first- 
order,  and second-order  modes,  respectively. 
eters.  The  ratio cl/cz deduced  from  experimental  data  in 
actual laser diodes ranges from 0.5 to 4 [ 1 11 , [ 121 . In this 
paper, analyses  were performed  for  the  ratio  of 0, 0.5, 1 ,  and 
3.6. 
A .  Waveguide with  Uniform  Index and Graded Gain 
First, we investigate the effect of graded gain in the wave- 
guide on the behavior of guided modes. Before proceeding 
with the discussion, we note that the waveguide of uniform 
refractive index  and gain gives symmetrical far-field and  near- 
field patterns  for every guided mode. 
Fig. 2(a) shows  far-field patterns  of guided modes in a wave- 
guide characterized by (cl, c 2 ,  A )  = (0.0, 0.015, 0.1). The 
effect of graded gain to the fundamental mode is apparent 
in the  radiation  angle;  the  peak of f shifts to the lower gain 
side. As for higher-order modes,  the change in far-field patterns 
is more  apparent in the  peak  intensity  ratio  than  the  peak  shift. 
The peaks on the higher gain side, 2r and Ir, become lower 
than those on the lower gain side, 21 and IZ. Fig. 2(b) shows 
near-field patterns  of guided modes.  The  peaks  of  the  funda- 
mental mode shift to the side of higher gain. As for higher 
modes, the peak shift is small but again the peak intensity 
ratio changes. The  peaks  on  the lower gain side become large, 
whereas those on the higher gain side become small. The de- 
pendence  of  modal gain gj ,  radiation angle of  major  peaks,  and 
normalized intensity of minor peaks for each mode on the 
gradient factor A are shown in Fig. 3. The  radiation angle of 
the  fundamental  mode  shifts  to  the lower gain side in  propor- 
tion to A ,  whereas the  radiation angle of  higher-order  modes is 
insensitive to A .  The modal gain of the fundamental mode 
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Fig. 3.  Modal gain, angle of far-field peaks, and normalized intensity 
of minor far-field peaks as a function of gradient factor A .  g f i  8 1 ,  
and g2 are modal gains for  the  fundamental, first-order, and second- 
order modes. f, lZ, and 21 are angles of the main  peaks  corresponding 
to f, lZ, and 2r in Fig. 2. l r ,  2r, and 2c are normalized intensities of 
the peaks  corresponding to lr, 2r,  and 2c in Fig. 2. 
increases as A increases. This is because the field distribution 
of the fundamental mode shift to the higher gain side in the 
waveguide. Modal gain of higher-order  modes decreases slightly 
asA increases. 
B. Waveguide with Graded Index and  Gain 
Next, we investigate the case when  both c1 and c2 are  non- 
zero. Fig. 4(a) shows the far-field patterns of guided modes 
in a waveguide characterized by (e1 , cz , A )  = (0.075, 0.01 5,  
0.1). We see from (12) that if c1 and c2 have the same sign, 
the  gradient  of  the real and imaginary parts  of A E have opposite 
signs. This means that the higher gain side of the waveguide 
has  a lower  refractive index,  and  the  lower gain side has  a higher 
refractive index. The far-field patterns are similar to  those in 
Fig, 2(a), but their radiation peak angles are relatively larger 
than  those  in Fig. 2(a). The  radiation  peak  of  the  fundamental 
mode is deflected  to  the  lower gain and higher  refractive index 
side. The higher-order modes change their  peak  intensity  ratios 
and  the  peaks on the lower gain side become large when  those 
on the higher gain side become small. Fig. 4(b) shows the 
near-field patterns  of  each guided mode.  Fundamental,  first-, 
and second-order modes have their main peaks on the lower 
gain side. I t  is known generally that, in the waveguide with 
nonuniform refractive index  distribution,  the field of the  funda- 
mental  mode is distributed  on  the higher index area and  those 
of  higher-order  modes  are  distributed  on  the lower index  area. 
Our  computation  results  indicate  that  the field distribution  of 
the fundamental mode in the waveguide is more sensitive to 
the index gradient, whereas those of higher-order modes are 
more sensitive to  the gain gradient. 
The dependence of modal gain, radiation angles of major 
peaks,  and  normalized  intensity of minor  peaks  for each mode 
on the gradient factor A is shown in Fig. 5. As A increases, 
the modal gain of the fundamental mode decreases. This is 
because the field of the  fundamental  mode  shifts  to  the lower 
gain side. The  modal gain of  the  first  mode increases  as the A 
increases. The reason seems to be that  the  minor  peak of the 
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Fig, 4. Far-field patterns (a) and near-field patterns (b) of a waveguide 
with  parameters (cl ,  q , A )  = (0.0075, 0.015, 0.1). 
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Fig. 5 .  Modal gain (gp gl and gz), angle of far-field peaks (f, 11, and 
21) and normalized intensity of  minor far-field peaks ( l r ,  2r,  and 2c) 
as a function of  gradient factor A.  
near-field pattern  in  the higher  gain  area is not so small as that 
in Fig. 2(b). As a  result,  the  modal gain of the  first-order  mode 
approaches  that  of  the  fundamental  mode as A increases. 
Fig.  6(a)  shows the far-field patterns  of guided modes  in  the 
waveguide characterized by (e1 ,  cz,  A )  = (0.015, 0.015, 0.1). 
The far-field patterns  are similar to  those in Fig. 4(a), but  their 
radiation peak angles are larger than those in Fig. 4(a). Fig. 
6(b) shows the near-field patterns  for  each guided mode. 
Fundamental and second-order modes have their main peaks 
on  the lower gain side. However, the  first-order  mode  has  their 
main  peak  on  the higher gain side. The  dependence of modal 
gain, radiation angles of  major  peaks,  and normalized intensity 
of  minor peaks for  each  mode  on  the  gradient  factorA is shown 
in Fig. 7. AsA is increased, the  modal gain of the  fundamental 
mode decreases and that of the first-order mode increases. 
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Fig. 6 .  Far-field patterns (a) and near-field patterns (b) of a waveguide 
with  parameters (c l ,  c2 ,A)  = (0.015,0.015,0.1). 
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Fig. 7. Modal gain (g  gl , and gz),  angle of far-field peaks (f, I I ,  and 
2 0 ,  and normalized%tensity  of  minor far-field peaks ( I r ,  2 r ,  and 2 c )  
as  a function of gradient  factor A .  
The modal gain of the first-order mode becomes larger than 
that  of  the  fundamental  mode  for A > 0.074.  The  modal gain 
of the  second-order  mode increases slightly as A is increased. 
Fig.  8(a)  shows the far-field patterns  of  guided-modes in the 
waveguide characterized  by (cl, c 2 ,  A) = (0.054, 0.01 5 ,  0.1). 
The peak angle of the fundamental and second-order modes 
are almost  the same as those in Fig. 6(b). The radiation peak 
angle of the first-order mode is larger than that in Fig. 6(b). 
Radiation  around  an angle of -15' is enhanced  for all modes, 
which reflects the antiguiding property  of  the guide resulting 
from  the real part of b being a large negative value. Fig. 8(b) 
shows  the near-field pattern of each  guided mode.  The  funda- 
mental mode is localized on the higher refractive index side. 
The  first-order  mode also shifts  to  the higher refractive index 
side. The  second-order  mode  has  its  major  peak  on  the higher 
gain side. The  dependence of modal gain, radiation angles of 
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Fig. 8. Far-field patterns (a) and near-field patterns (b) of a waveguide 
with  parameters (clr c 2 , A )  = (0.054, 0.015,  0.1). 
major  peaks,  and  normalized  intensity of minor  peaks  on  the 
gradient  factor A is shown in Fig. 9. As A increases, the  modal 
gain of  the  fundamental  mode  monotonically decreases,  while 
that of the  first-order  mode increases for  A < 0.04 and decreases 
for A > 0.04. The gain of the second-order mode increases 
monotonically as A increases. As a  result,  the  mode  with  the 
highest gain is the  fundamental  mode  for A < 0.034,  the  first- 
order  mode  for  0.034 < A < 0.090 and  the  second-order  mode 
for 0.090 < A .  
In laser diodes, the first lasing mode is the mode with the 
highest gain. The result in Fig. 9 shows that as A increases, 
the fundamental mode first lases and modes of higher-order 
lases afterward.  The far-field patterns of the  fundamental  mode 
for A = 0.03, the  first-order  mode  for  A =0.06, and  the  second- 
order  mode forA = 0.1 are shown in  Fig. 9. Scifres et al. state 
that  the beam deflection by an angle as large as 14"  from  the 
normal of the  facet was realized by  the  modification of injected 
carrier distribution [ I ]  . The  present analysis indicates  that  an 
expected angle of  deflection  for  the  fundamentalmode  ismuch 
smaller than 14". I t  is the change of an oscillating mode  from 
the  fundamental  mode  to  the higher-order mode  that provides 
such  a large angle deflection  in  the  present  model. 
IV. SUMMARY AND CONCLUSION 
The features of far-field patterns of guided modes in the 
waveguide with graded index  and gain are summarized as 
follows. 
1) The deflection angle of the fundamental mode increases 
as the  gradient  factor increases. The  maximum  deflection angle 
is around 5-6". 
2 )  The far-field pattern  of  higher-order  modes  has  two main 
peaks  and  the  intensity  ratio  of  the peaks changes as the gra- 
dient factor increases. The peak position is insensitive to  the 
gradient  factor. 
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Fig. 9. Modal gain (gf, gl,  and g2), angle of far-field peaks (f, 11, and 
21), and normalized intensity of minor far-field peaks ( lr ,  2r, and 2c) 
as a function of gradient factor A .  On the  top of the figure  are  also 
shown far-field patterns of the  mode  with  the highest modal gain at  
several values of A .  
3) The  deflection angle of peaks  increases as the  mode  num- 
ber increases. 
4) As the gradient factor increases, the gain factor of the 
fundamental  mode decreases, but  those  of higher-order modes 
increases. And  the gain factor  of higher-order modes  exceeds 
that of the  fundamental  mode  for  the value of large gradient 
factor.  This  means  that  he  mode-jump  from  lower-order 
modes  to higher-order modes  occurs as the  gradient  factor  in- 
creases, which gives some explanation of the wide deflection 
angle of  the beam from  the  twin-stripe laser diode observed  by 
Scifres et al. [ 11. 
We see that  the selective transverse-mode  oscillation of laser 
diode gives the possibility of different  spatial beam modulation 
technology by controlling  the  injection  current  distribution  in 
the active layer. That is, the fundamental mode excitation is 
suitable  for  the beam scanning  because the  deflection angle of 
the beam is proportional  to  the  gradient  factor.  On  the  other 
hand,  the higher-order mode oscillation is suitable  for  the  deflec- 
tion switching of the beam because the peak intensity ratio 
changes with  the  fixed  peak angle as the  gradient  factor changes. 
The selective higher-order mode oscillation of the twin-stripe 
laser diode has been observed by authors [12] . The direct 
spatial  modulation  techniques  of laser diodes  means  the  func- 
tional integration of light sources, and it will provide many 
applications  in  optical  information processing. 
APPENDIX 
Equation (6) was solved numerically for 0 andf(x)  with  the 
boundary  conditions 
f(x)-+O for x-+ --co (A-1) 
and 
f(x) -+ 0 for x + too. (‘4-2) 
Since A+-) = 0 for x < x1 or x 2 x2 ,f(x) is of the  form 
f(x) = A  exp (ax) t B exp (-ax) for x < x l  (-4-3) 
f(x) = C exp (ax) f D exp (-ax) for x 2  <x (A-4) 
where a = d’, and A ,  B ,  C, and D are complex con- 
stants. If Re(&) > 0, the conditions of (A-1) and (A-2) are 
equivalent  to  the following conditions: 
B=O (A-5) 
and 
c= 0. ( A 4  
For x = x l ,  f(x) is normalized to unity and the derivative 
of f(x) is then a! from (A-3) and (A-5). We obtain f(x) for 
x1 <x <x2 by  integrating (6) by  Runge-Kutta’s method 
with initial values [f(xl), (dldx) f(xl)] =(1 ,  a). Let  us 
assume 
f ( x > = F ( x , x , , a )  for x1 < x < x 2  (A-7) 
and 
d 
- f ( x ) = G ( x , x l , a )  for x1 < x < x 2 .  
dx (A-8) 
Using (A-4) and (A-6) we obtain the following equation for 
0: 
1 
F(x2 > x1 > .(P)> + - G(x2 1 x1 > 4 0) = 0. (A-9) .(0> 
For  a simple description, we represent  the  left side of (A-10) 
by K@), and  rewrite (A-10) as 
K( 0) = 0. (A-1 0) 
The  equation  (A-1 1) is solved by Newton-Raphson’s method 
with  a trial first value of 0. The derivative ofK(0)  that is needed 
to  apply Newton-Raphson’s method is obtained by the  relation 
- K(0) = [K(P + 4 - K(0)I / A  
d0 
d 
(A-1 1) 
where A is a small value which we put as lO-’’/ym. In the 
process of finding p, f(x) is simultaneously  obtained by (A-7). 
Various solutions of f(x) and 6 corresponding to various modes 
are obtained by changing the  first trial value of 0. 
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Stabilization of Single  Frequency  Operation of 
Coupled-Cavity  Lasers 
CHARLES H. HENRY AND R. F. KAZARINOV 
Abstract-We present a theoretical analysis of cleaved coupledcavity 
lasers. Mode selectivity arises from two mechanisms. The first is dif- 
fraction loss in the gap between the cleaved sections. The second is 
based on one  section  acting  as  resonant reflector. Our analysis  includes 
the change of refractive index with  carrier density which shifts  the cavity 
resonances and causes mode switching. Above threshold the gains g1 
and gz of the  two cavities are  not  pinned,  but  are  related  for  each  mode 
in  the  form of a curve in  the (gl , gz) plane. The separation  of mode 
curves along a 45O line  determines  the  ratio of mode intensities. Single 
mode  operation above threshold is described by zones in the (Cl, Cz) 
plane  where C1 and Cz are the  currents driving the  two cavities. Cases 
of stable, unstable, and bistable operation  are discussed. 
R 
I .  INTRODUCTION 
ECENTLY,  there  has been  intensive experimental  and 
theoretical  work  on coupled-cavity semiconductor lasers 
[l] -[ 121 culminating  in a demonstration  of  error-free  trans- 
mission over a distance  of  119  km  at  420  mbits/s  without re- 
Manuscript received October 7,1983; revised March 2, 1984. 
The  authors  are with  AT&T Bell Laboratories, Murray Hill, NJ 07974. 
peaters [13]. This achievement required a laser maintaining 
single frequency operation with the nonlasing modes greatly 
suppressed during pulsed operation;  otherwise excessive errors 
due to mode  partition noise are encountered.  The  most  straight- 
forward way to achieve single frequency  operation  is  by use of 
a distributed  feedback laser [ 141 , [ 151 . The  operation  of  this 
laser is simple, but  the  distributed  feedback laser is  difficult to 
fabricate. 
In  the  119  km  experiment a cleaved coupled-cavity  laser pre- 
viously developed byTsangeta2. [7] -[9]  wasused [ 131. These 
lasers show impressive mode selectivity (high ratio  of lasing to 
nonlasing mode intensities). In contrast to the DFB lasers, 
cleaved coupled-cavity lasers are relatively easy to fabricate, 
but are more  complex to operate.  They  tend  to change modes 
during  pulsed  operation  and  only  remain  on  one  mode over a 
limited range of  current. Use of  coupled-cavity lasers  in optical 
communication  systems  must be preceded  by a precise under- 
standing  of  how  coupled-cavity lasers work,  both  at  threshold 
and above threshold, and procedures for high power single 
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